ICGN is a strain of mice with hereditary nephrotic syndrome of an unknown cause. In this study, early glomerular alterations in newborn ICGN mice were observed with electron microscopy to gain a better insight into the onset of the disease. Development of the glomeruli was normal until fusion of epithelial and endothelial basement membranes in the developing capillary stage. From the maturing glomerulus stage onward, the fused glomerular basement membrane (GBM) increased in thickness by excessive accumulation of the basement membrane material secreted from the epithelial cells. This accumulation was followed by overall loss of epithelial foot processes in the glomeruli. These findings indicate that the disease in ICGN mice is caused by some defect(s) in the GBM maturation process, which may be crucial for the generation of the glomerular permselectivity .
ICGN (ICR-derived strain with glomerulonephritis) is a newly established strain of mice with hereditary nephrotic s y n d r~m e .~,~ Usually 40% of animals of each generation are affected by this disease, showing heavy proteinuria, hypoalbuminemia, hyperlipidemia, and systemic edema. 5 A serial biopsy study demonstrated that affected mice could be distinguished from unaffected ones as early as 40 days after birth by the presence of ultrastructural lesions of the glomerular basement membrane (GBM) consisting of multilaminar splitting of the lamina densa and fusion of epithelial foot processes.2 However, it is not known whether these GBM alterations are present from a certain stage of nephrogenesis onward or are absent during nephrogenesis but appear after maturation of GBM. A homozygous line of this strain (1 00% affected) has been established, allowing examination of the earliest GBM lesions. In the present study, we investigated nephrogenesis of homozygous ICGN mice to gain a better insight into the mechanisms underlying onset of the disease.
Ten specific-pathogen-free3 ICGN mice (2, 4, 9, 14 , and 20 days of age) from a homozygous line were used in this study. Mice were allowed free access to low-protein (18%) laboratory diet (CE-7, Crea, Japan) and tap water. The animals were anesthetized with ether and euthanatized by cervical dislocation. Sections (0.5 mm thick) were cut from the kidneys and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 3-10 hours at 4 C. After thorough washing with cacodylate buffer, sections were postfixed with 1% OsO, in cacodylate buffer for 2 hours at 4 C. The specimens were then dehydrated and embedded in a mixture of epon and araldite. Thin sections (60 nm thick) were placed on grids, stained with uranyl acetate and lead citrate, and examined with a Hitachi H-7000 electron microscope at 75 keV. Kidneys from BALB/c mice were similarly processed and used as controls.
Renal cortices from 2-, 4-, and 9-day-old mice contained glomeruli of differing maturity. The differences observed corresponded to the four stages reported in the kidney of the newborn rat:6 1) vesicle, 2) S-shaped body, 3) developing capillary loop, and 4) maturing glomerulus. No apparent glomerular abnormalities were present from the vesicle through the developing capillary loop stages. As reported in the rat, GBMs with double dense layers could be found between the columnar glomerular epithelium and the endothelium late in the S-shaped body stage or early in the developing capillary stage,6 although the lamina densa of the endothelial side was often discontinuous (Fig. 1) . Later in the developing capillary loop stage, the dual basement membrane fused to form a thin GBM with a central lamina densa (Fig. 2 ). At about the same time, differentiating epithelial foot processes appeared on the epithelial side (Fig. 2) .
Early in the maturing glomerulus stage, GBMs developed epithelial outpockets containing electron-lucent and electron-dense layers (Figs. 3,5 ). Although these humplike structures developed in both ICGN and BALB/c mice, they were larger and more numerous in ICGN mice. Excessive accumulation of the GBM material in the epithelial outpockets continued in ICGN mice, resulting in the formation of thickened and multilayered GBMs (Figs. 4,6 ). All Glomeruli were affected by 14 days after birth. Some glomeruli showed mesangial expansion due to excessive accumulation of the GBM material. In these severely affected glomeruli, there was a loss of epithelial cell foot processes and microvilli were observed extending into Bowman's space ( Fig. 4 ). By contrast, in control mice basement membrane material in the outpockets joined by existing GBM, becoming less frequent in mature glomeruli by 14 and 20 days. Endothelial fenestrae developed in both ICGN and control mice (Figs. 3, 5 ).
The present study demonstrates that the major GBM modifications in newborn ICGN mice occur in the maturing glomerulus stage, when the epithelial cells at the outpockets synthesize new basement membrane material. The endothelial cells seem to play a limited if any role in these glomerular alterations. Recent ultrastructural and immunohistochemical studies indicate that basement membrane material secreted from maturing epithelial cells is spliced to the existing GBM to achieve normal functional glomerular filtration surface area.' In affected ICGN mice, the basement membrane material simply accumulates on the epithelial side of the GBM, resulting in overall increase of the GBM thickness.
Although the mechanisms of GBM splicing are not yet fully understood, this study suggests that the mechanisms for fusing new and existing basement membrane in the maturing glomerulus stage differ from those for fusion of double basement membranes in the developing capillary stage, because the double membrane step proceeded normally in ICGN mice. Future histochemical and biochemical studies using the ICGN strain of mice would lead to an improved understanding of mechanisms underlying the GBM maturation process and pathogenesis of certain types of idiopathic nephrosis. t Fig. 3 . Glomerulus; mouse. Maturing glomerulus stage 4 days after birth. The GBM develops epithelial outpockets containing electron-lucent and electron-dense basement membrane materials (large arrow). This feature is also seen in control mice. The normal endothelial fenestrae (arrowheads) and epithelial foot processes (small arrows) are formed. Bar = 0.5 pm. Fig. 4 . Glomerulus; mouse. A capillary loop at 20 days of age, showing a multilayered, thickened GBM due to excessive accumulation of basement membrane material on the epithelial side. Long microvilli protrude from the epithelial cells (arrow). Bar = 0.5 pm.
